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Edited by Vladimir SkulachevAbstract We found that heme-binding protein 2/SOUL sensi-
tised NIH3T3 cells to cell death induced by A23187 and etopo-
side, but it did not aﬀect reactive oxygen species formation. In
the presence of sub-threshold calcium, recombinant SOUL pro-
voked mitochondrial permeability transition (mPT) in vitro that
was inhibited by cyclosporine A (CsA). This eﬀect was veriﬁed
in vivo by monitoring the dissipation of mitochondrial membrane
potential. Flow cytometry analysis showed that SOUL promoted
necrotic death in A23187 and etoposide treated cells, which eﬀect
was prevented by CsA. These data suggest that besides its heme-
binding properties SOUL promotes necrotic cell death by induc-
ing mPT.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Heme and porphyrines have high chemical reactivity and are
poorly soluble in aqueous solutions. They are known to be
good catalysts of the formation of activated oxygen species
[1–4] actively promoting free radical reactions leading to dam-
ages to biological molecules. Heme and the intermediates of
heme synthesis have to be bound by cytosolic heme-binding
proteins to avoid the formation of large aggregates in aqueous
solutions such as the cytosol [5–7]. Recently a number of
heme-binding and heme-transport proteins have been de-
scribed that bind heme and porphyrines in sub micromolarAbbreviations: DMEM, Dulbecco’s modiﬁed Eagle’s medium; FCS,
fetal calf serum; PCR, polymerase chain reaction; GST, glutathione
S-transferase; MTT, methylthiazolyldiphenyl-tetrazolium bromide;
HPLC, high performance liquid chromatography; TMRM, tetrameth-
ylrhodamine methylester; C-400, 5-(and-6)-carboxy-2 0,7 0-dichlorodi-
hydroﬂuorescein diacetate; Dw, mitochondrial membrane potential;
ROS, reactive oxygen species; cyt c, cytochrome c; CsA, cyclosporine
A; HBP22, heme-binding protein 1; SOUL, heme binding protein
2/SOUL protein; mPT, mitochondrial permeability transition
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doi:10.1016/j.febslet.2006.10.067concentrations [5–7]. Heme-binding protein 1 (HBP22) is a
ubiquitously expressed protein having high aﬃnity for heme
and protoporphyrine [7]. More recently, heme-binding protein
2 (SOUL) was identiﬁed [7]. SOUL is expressed just in some
speciﬁc tissues, has more than 40% sequence homology with
HBP22, and has much higher binding aﬃnity for porphyrines
than HBP22 does having Kd in the nM range [8]. Although its
chemical and heme-binding properties were described, almost
no information is available on its physiological function.
Role of heme-containing proteins in the regulation of cell
death and survival are well characterized. They can aﬀect for-
mation of reactive oxygen species hence induction of direct
oxidative damages as well as induction of mitochondrial per-
meability transition (mPT) [9]. MPT was strongly implicated
in both apoptotic and necrotic cell death [10,11]. Various stim-
uli, including elevated intracellular Ca2+ concentration, induce
the opening of a megachannel in the inner mitochondrial mem-
brane leading to equilibration of the ions within the intermem-
brane space (and thus the cytosol) and the mitochondrial
matrix, dissipation of the mitochondrial membrane potential
(Dw) and uncoupling of the respiratory chain. Numerous
agents, including CsA can prevent the opening of the PTP.
Dissipation of Dw induces the release of mitochondrial pro-
teins like cytochrome c (cyt c) resulting in activation of the
caspase-cascade, and ultimately in apoptotic cell death
[10,11]. The volume disregulation following the opening of
the PTP causes swelling of the matrix, leading to membrane
disruption and ﬁnally necrotic cell death [11].
Unlike heme-containing proteins, eﬀects of heme-binding
proteins on the processes involved in cell survival and death
are poorly characterized. For this reason, in the present paper,
we studied the eﬀect of SOUL on etoposide-induced cell death
and on some of the processes involved in it, such as ROS
formation and mPT.2. Materials and methods
2.1. Materials
All the chemicals for cell culture, cyclosporine A (CsA), A23187,
methylthiazolyldiphenyl-tetrazolium bromide (MTT), carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), propidium iodide (PI),
rhodamine 123 (Rh123), tetramethylrhodamine methylester (TMRM)
and anti-rabbit Immunoglobulin G were purchased from Sigma-
Aldrich Kft (Budapest, Hungary). Fluorescein-conjugated Annexinblished by Elsevier B.V. All rights reserved.
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400) and N-acetyl-8-dodecyl-3,7-dihydroxyphenoxazine (dihydro-res-
oruﬁn) were from Molecular Probes (Leiden, Netherlands).
2.2. Full-length SOUL cDNA synthesis
Full length SOUL cDNA was isolated by polymerase chain reaction
(PCR) ampliﬁcation using 4 lg of total placental RNA (Invitrogen)
and speciﬁc primers designed using the complete cDNA sequence of
SOUL from NCBI database. The resulting PCR fragments were in-
serted into pUC57-T cloning vector (Gibco BRL, USA). Insert-con-
taining clones were selected. Plasmid preparation was carried out
with QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA). cDNAs
were sequenced by primer walking. Sequencing by the dideoxynucleo-
tide chain termination chemistry was performed by Taq BigDye termi-
nator cycle sequencing using an automated ABI PRISM 310 Genetic
Analyzer (Perkin-Elmer, USA).
2.3. Construction of bacterial SOUL expression plasmids, expression
and puriﬁcation of SOUL
The whole open reading frame of SOUL was cloned into pGEX-4T-
1 expression vector (Pharmacia, Uppsala, Sweden) and pcDNA3.1
(Invitrogen) mammalian vectors. The SOUL-pGEX-4T-1 expression
vector was ﬁrst transformed into E. coli DH5a then into E. coli
BL21 competent host strain. Bacteria were induced with isopropyl-b-
D-thiogalactopyranoside, and the expressed SOUL-GST fusion protein
was subsequently puriﬁed with Glutathione Sepharose 4B column
(Pharmacia) in the presence of glutathione, after which thrombin
cleavage was carried out.
2.4. Stable transfection
Full length SOUL cDNA was PCR ampliﬁed and the construct was
subcloned into a pcDNA3.1 vector. The vector-containing SOUL or
the empty pcDNA3.1 vector was transfected into NIH3T3 cells with
Lipofectamin 2000 according to the manufacturer’s protocol (Invitro-
gen). Cells were then grown in selective media (10% FCS-DMEM con-
taining 500 lg/ml G-418).
2.5. Cell culture and sample preparation
NIH3T3 cells were purchased from the American Type Culture
Collection (Manassas, VA). The cell line was maintained in DMEM
supplemented with 10% fetal calf serum (FCS), 2 U/ml penicillin–
streptomycin mixture (Flow Laboratories, Rockville, MD) and
incubated in 5% CO2 – 95% air at 37 C. Cells were harvested, were
dispersed by vortexing in lysis buﬀer (50 mM Tris, pH 7.4, 1 mM
phenylmethylsulfonyl-ﬂuoride) for 10 min at 4 C, homogenized in a
Teﬂon/glass homogenizer, and centrifuged. The supernatant was
measured by BCA reagent and equalized for 1 mg/ml protein content
in Laemmli solution for immuno-blotting. Subcellular fractionation
before immuno-blot analysis was performed exactly as described previ-
ously [12].
2.6. Cell viability assay
Cells were seeded into 96-well plates at a starting density of 104cell/
well and cultured overnight before A23187 or etoposide at concentra-
tions indicated in Fig. 1 were added to the medium for 24 h. Cell
viability was determined by the MTT method as described previously
[13]. All experiments were run in at least four parallels and repeated
three times.
2.7. Determination of intracellular reactive oxygen species (ROS)
Intracellular ROS were determined using the oxidation-sensitive C-
400 and dihydro-resoruﬁn ﬂuorescent dyes. Cells were seeded into 96-
well plates at a starting density of 104 cell/well and cultured overnight,
and then were subjected to 0, 0.3, 0.4, 0.6, 0.7 or 0.8 mM H2O2 for 3 h.
Cells were rinsed, labelled with the ﬂuorescent dyes for 15 min at 37 C,
and analyzed using Anthos Labtech 200 enzyme-linked immunosorbent
assay reader at 485 or 578 nm excitation and 555 or 597 nm emission
wavelengths for C-400 or resoruﬁn, respectively.2.8. Measuring mitochondrial permeability transition
Percoll gradient puriﬁed rat liver mitochondria were isolated by dif-
ferential centrifugation as described previously [13]. Mitochondrial
permeability transition (mPT) was monitored by following the accom-panying large amplitude swelling measured at room temperature by a
Perkin-Elmer ﬂuorimeter (London, UK) in reﬂectance mode. Brieﬂy,
mitochondria at the concentration of 1 mg protein/ml were pre-incu-
bated in the assay buﬀer (70 mM sucrose, 214 mM mannitol, 20 mM
N-2-hydroxyethyl piperasine-N 0-2-ethanesulfonic acid, 5 mM gluta-
mate, 0.5 mM malate, 0.5 mM phosphate) containing or not 400 nM
SOUL, glutathione S-transferase (GST) or albumin and/or 2.5 lM
CsA for 60 s. Mitochondrial permeability transition was induced by
the addition of Ca2+ at the indicated concentration. Decrease of E540
was detected for 10 min. The results were calculated from representa-
tive original registration curves from at least ﬁve independent experi-
ments as described in [14]. Data are summarized in bar graphs as
‘‘swelling rate (%)’’, which is calculated by taking induced swelling
rates in the absence and the presence of 2.5 lM cyclosporine A as
100% and 0%, respectively.
2.9. Determination of cyt c level by high-pressure liquid chromatography
(HPLC)
Ten minutes after mPT was induced exactly as described above, the
assay mixture was centrifuged at 15000 · g for 3 min. Supernatants
and pellets were analysed for cyt c using a gradient HPLC method uti-
lizing a non-porous KOVASIL-MS C18 column (Zeochem AG, Ueti-
kon, Switzerland) as described before [15].
2.10. Measuring mitochondrial membrane potential
Mitochondrial membrane potential was monitored by ﬂuorescence
of Rh123 (excitation and emission wavelengths of 495 nm and
535 nm, respectively), released from the mitochondria following the
induction of permeability transition exactly as described above.
Changes of ﬂuorescence intensity were detected for 5 min. The results
are demonstrated from a representative original registration curves
from ﬁve independent experiments.
2.11. Fluorescent microscopy
NIH3T3 cells transfected with empty or full-length SOUL-open-
reading-frame-containing pcDNA3.1 vectors were seeded at 1 ·
106 cells/well to coverslips. The cells were loaded with 0.25 mM
TMRM, treated with 10 lM A23187 in the presence or absence of
2.5 lM CsA. Images were taken by using 60· objective, epiﬂuorescent
illumination and an Olympus BX61 ﬂuorescent microscope equipped
with ColorView CCD camera and analysis software.
2.12. Flow cytometry analysis
Cell death was induced by treating sham-transfected or SOUL-over-
expressing NIH3T3 cells with 2 lM A23187 (Sigma) or 50 lM etopo-
side (CHEMICON International, Inc.) for 24 h in the presence or
absence of 2.5 CsA, then they were rinsed and harvested. Annexin
VFLUOS staining kit (Roche Molecular Biochemicals) was used to stain
cells with ﬂuorescent isothiocyanate-conjugated annexin V and propi-
dium iodide (PI) according to the manufacturer’s protocol. The cells
were analyzed by ﬂow cytometry on a BD FacsCalibur ﬂow cytometer
(BD Biosciences, USA). Quadrant dot plots were created by Cellquest
software (BD Biosciences) to identify living and necrotic cells as well as
cells in early or late phase of apoptosis [16]. Cells in each category were
expressed as percentage of the total number of stained cells counted,
and were presented as pie-charts.3. Results
3.1. Eﬀect of SOUL on cell viability
To evaluate possible physiological functions of SOUL, we
transfected NIH3T3 cells that endogenously express SOUL
at low extent with empty pcDNA3.1 vector and a construct
containing the full-length SOUL cDNA. Eﬀectiveness of the
transfection was assessed by immuno-blotting utilizing a cus-
tom-made anti-SOUL primary antibody (Fig. 1A). In order
to determine the subcellular localization of SOUL, we per-
formed a subcellular fractionation experiment. We found that
SOUL was mainly localized to the cytosol with a much lower
abundance in the mitochondrial fraction and a complete ab-
Fig. 1. Eﬀect of SOUL and etoposide on cell survival. Level of SOUL expression was assessed by immunoblot analysis (A) utilizing custom-made
anti-SOUL primary antibody in mock-transfected (1) and SOUL-over-expressing (2) NIH3T3 cells. (B) SOUL overexpressing NIH3T3 cells were
subjected to subcellular fractionation and SOUL levels in cytosol (C), mitochondria (M) and nucleus (N) were determined by immunoblot analysis
using anti-SOUL primary antibody. (C and D) Mock- (white bars) and SOUL-transfected (grey bars) cells were treated with 0–200 nM A23187 (C)
or 0–150 lM etoposide (D) for 24 h before determining viabilities by MTT assay. Values are expressed as % of the untreated mock-transfected cells,
means ± S.E.M. of ﬁve independent experiments. Signiﬁcant diﬀerence from the mock-transfected cells: *P < 0.05, **P < 0.01, ***P < 0.001.
A. Szigeti et al. / FEBS Letters 580 (2006) 6447–6454 6449sence in the nuclear fraction (Fig. 1B). We assumed that as a
heme-binding protein, SOUL might inﬂuence cellular ROS
formation and cell viability. To verify the latter, we exposed
the cells to a wide concentration range of A23187 or etoposide
for 24 h. SOUL over-expression signiﬁcantly increased the cell
death induced by either A23187 or etoposide (Fig. 1C and D)
indicating that SOUL had an eﬀect on the cell death process.
3.2. Eﬀect of SOUL on ROS-production
We used the same transfected cells to check the eﬀect of
SOUL on cellular ROS formation. We found, in agreement
with our previous experience, that endogenous ROS formation
is hardly detectable in the untreated cell lines (Fig. 2A and B,
‘‘0’’ column), so we induced ROS production by exposing the
cells to diﬀerent concentrations of H2O2 for 3 h. After washing
oﬀ H2O2, we loaded the cells with the non-ﬂuorescent reduced
form of two diﬀerent ﬂuorescent redox dyes, C-400 and resoru-
ﬁn. The dyes became ﬂuorescent as they were oxidized by the
intracellular ROS, so their ﬂuorescence was proportional to
the amount of ROS in the cells. By virtue of its dodecyl group,resoruﬁn was localized to lipid phase and so detected ROS for-
mation mainly associated with the membranous structures of
the cells, while C-400 detected it mainly in the aqueous phase.
Regardless of the pre-treatment of the cells, we could not detect
any signiﬁcant diﬀerence between sham-transfected and SOUL-
over-expressing cells (Fig. 2) indicating that SOUL does not af-
fect cellular pro-oxidant levels and/or ROS-production.
3.3. Eﬀect of SOUL on the mitochondrial permeability transition
(mPT) in vitro
Since aﬀecting of ROS formation was ruled out as a mecha-
nism by which SOUL promoted cell death, and SOUL could
be detected in the mitochondrial fraction of SOUL-over-
expressing NIH3T3 cells, we tested its eﬀect on isolated mito-
chondria. MPT was induced in percoll gradient puriﬁed rat
liver mitochondria and the swelling process was monitored
by light scattering at 540 nm as before [13]. Recombinant
SOUL by itself did not induce mitochondrial swelling, how-
ever, in the presence of low concentration of Ca2+ (30 lM)
that did not trigger mPT alone, recombinant SOUL induced
Fig. 2. ROS formation in cells over-expressing SOUL protein. ROS formation was assessed by measuring the ﬂuorescent intensities of resoruﬁn (A)
and C-400 (B) oxidized by the ROS formed in mock- (white bars) and SOUL-transfected (grey bars) NIH3T3 cells exposed to 0–0.8 mMH2O2 for 3 h
before washing oﬀ the H2O2 and loading the cells with the non-ﬂuorescent reduced form of the dyes. Values are expressed in arbitrary units,
means ± S.E.M. of ﬁve independent experiments.
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Ca2+ (Fig. 3A). No such swelling could be observed when
400 nM GST or albumin was used instead of recombinant
SOUL together with up to 60 lM of Ca2+ (data not shown).
The mitochondrial swelling induced by recombinant SOUL
in the presence of low Ca2+ was inhibited by cyclosporine A
(Fig. 3A) exactly as the one induced by high Ca2+ signifying
that the SOUL-induced mitochondrial swelling involved cyclo-
philin D. Beside swelling, release of cyt c from the mitochon-
drial intermembrane-space to the cytosol is considered as an
early event of mPT. For this reason, we measured cyt c by
HPLC technique from the supernatant of the mPT assay after
inducing mPT in isolated mitochondria as above, and centri-
fuging the assay medium [13]. We observed basically identical
results for the cyt c measurements (Fig. 3B) to that of the
swelling-based experiments (Fig. 3A). Since two fundamentally
diﬀerent detection techniques gave the same results, it seemed
quite certain that SOUL induced mitochondrial permeability
transition in the presence of low concentration of Ca2+, which
process was inhibited by CsA.
3.4. Eﬀect of SOUL on the mitochondrial membrane potential
(Dw)
During mPT, Dw collapses that can be detected by the re-
lease of the membrane potential sensitive dye, Rh123. Intactmitochondria take up the dye and quenches its ﬂuorescence.
When Dw decreases, the mitochondria release the dye that be-
come ﬂuorescent, and so the ﬂuorescent intensity is inversely
proportional to Dw. SOUL alone did not induce the release
of Rh123 under our experimental conditions. However, it in-
duced a signiﬁcant decrease of Dw, similar to the one observed
with 150 lM Ca2+, in the presence of 30 lM Ca2+ that alone
was not suﬃcient to provoke the loss of Dw (Fig. 4A). This
process was inhibited by 2.5 lM CsA.
To conﬁrm the results on the isolated mitochondria in vivo,
we induced mPT by exposing NIH3T3 cells transfected with
empty plasmid (pcDNA) or with SOUL-expressing plasmid
to the calcium ionophore, A23187 (10 lM), and detected the
ﬂuorescence of the mitochondrial membrane potential marker,
TMRM [17] by ﬂuorescent microscopy. To validate our sys-
tem, the complete collapse of Dw was induced by the addition
of 5 lM carbonyl cyanide m-chlorophenyl-hydrazone (CCCP),
a mitochondrial uncoupler that resulted in the release of
the ﬂuorescent dye independent of SOUL overexpression
(Fig. 4B). Fluorescent intensities in SOUL-overexpressing cells
in the absence of A23187 decreased by less than 10% during
the 10 min detection period (data not shown), but in the pres-
ence of A23187, SOUL facilitated the collapse of Dw and
TMRM release (Fig. 4B). This eﬀect of SOUL was abolished
by 2.5 lM CsA (Fig. 4B) exactly as in the in vitro studies. In
Fig. 3. Induction of permeability transition by Ca2+and SOUL in isolated mitochondria. Permeability transition was assessed by measuring the
initial rate of light scattering proportional to mitochondrial swelling (A), and expressing it as % of the rate measured in case of the uncoupler CCCP
(100%) as described previously [14]. Cyt-c released from the mitochondria (B) during permeability transition was measured by HPLC exactly as
previously [12]. Data represents average ± S.E.M. of ﬁve independent experiments for both A and B.
A. Szigeti et al. / FEBS Letters 580 (2006) 6447–6454 6451the absence of A23187, ﬂuorescent intensities of mock-trans-
fected cells and cells incubated in the presence or absence of
CsA decreased by less than 10% during the 10 min detection
period (data not shown).
3.5. Flow cytometry analysis of SOUL-induced cell death
Since mPT is involved in both the necrotic and apoptotic cell
death depending on the nature and severity of the stimulus, we
were interested whether SOUL overexpression facilitates either
of them. To this end, mock-transfected and SOUL overexpress-
ing NIH3T3 cells treated with either 2 lM A23187 or 50 lM
etoposide for 24 h were subjected to ﬂow cytometry analysis
after double-staining them with ﬂuorescein-labelled annexin
V and propidium iodide. This approach is widely used for
detecting apoptosis and necrosis, where annexin V binds to
phosphatidylserine residues that appear at the outer surface
of the cell membrane as an early indicator of apoptosis, while
entry of propidium iodide into the cell indicates loss of
membrane integrity and so necrosis. Fig. 5 shows that
89.3 ± 4.6% of the mock-transfected (pcDNA) untreated cells
were intact (double-negative) while 9 ± 2% of them were necro-
tic (PI positive), and 1.8 ± 1.6% of them were in early (annexin
V positive) or late (double-positive) apoptosis. SOUL overex-
pression by itself induced a non-signiﬁcant increase
(13.3 ± 2.7%) in the number of necrotic cells. Treatment with
A23187 increased the number of necrotic cells among themock-transfected cells and in a signiﬁcantly higher extent
(P < 0.05) among the SOUL-overexpressing cells (16.0 ± 2.6%
and 25.1 ± 4.9%, respectively). When the cells were treated with
etoposide, the mock-transfected cells died mainly by apoptosis,
while SOUL overexpression caused a signiﬁcant elevation in
the percentage of necrotic cells (from 11.7 ± 1.5% to 28 ± 2%)
to the detriment of apoptotic ones (from 27.2 ± 1.6% to
17.1 ± 3.2%). When the experiment was performed in the pres-
ence of 2.5 lMCsA, we could not observe signiﬁcant diﬀerence
between mock-transfected and SOUL-overexpressing cells
(data not shown) indicating that CsA abolished the eﬀect of
SOUL. These data show that the overexpression of SOUL pro-
tein even in case of a mainly apoptotic stimulus sensitized
NIH3T3 cells to necrotic cell death, which process was inhib-
ited by CsA.4. Discussion
We hypothesized that heme-binding protein 2/SOUL might
have an eﬀect on ROS formation and so on cell death. In order
to verify this hypothesis, we overexpressed SOUL in NIH3T3
cell line. This cell line express SOUL at low extent endoge-
nously (Fig. 1A), and so possibly have not evolved compensa-
tory mechanisms that could block or mask the eﬀect of SOUL,
assuming it had any. As we found, SOUL overexpression
Fig. 4. Eﬀect of SOUL, Ca2+ and CsA on the mitochondrial membrane potential (Dw). Dw in isolated mitochondria (A) was monitored by measuring
the ﬂuorescence of Rh123 released from the mitochondria following the induction of permeability transition exactly as described previously [12].
Data represent mean ± S.E.M. of ﬁve independent experiments. For demonstrating Dw in vivo (B), mock-transfected (pcDNA) and SOUL-over-
expressing NIH3T3 cells were loaded with TMRM and treated with 10 lMA23187 in the absence or presence of 2.5 lMCsA. Real-time images were
taken at 5 min intervals for 10 min by ﬂuorescent microscopy. At the end of the experiment, 5 lM CCCP was added for completely dissipating the
mitochondrial membrane potential. Representative images converted to grey-scale of ﬁve independent experiments are presented. We could not
observe signiﬁcant diﬀerence between mock-transfected and SOUL-over-expressing cells in the presence of CsA (data not shown).
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‘‘0’’ bars; Fig. 5, ‘‘untreated’’ column). Then, we induced cell
death either with A23187 that was supposed to promote
mainly necrosis [18,19], and etoposide that promotes apoptosis
[20]. We found that SOUL independently from necrotic or
apoptotic stimuli signiﬁcantly increased cell death in both sys-
tems under these stress conditions (Fig. 1C and D). This eﬀect
of SOUL was moderate, although statistically signiﬁcant.
According to our working hypothesis, we determined the eﬀect
of SOUL on intracellular ROS formation. Surprisingly, we
could not observe any signiﬁcant diﬀerence between mock-
transfected and SOUL-overexpressing cells indicating that
SOUL did not contribute to ROS-formation in either the lipid
or the aqueous phase of the cells (Fig. 2).
It is well-documented that certain proteins, such as BH3 do-
main only proteins (Bid and Bim) play a signiﬁcant role in the
regulation of cell death [21,22]. They bind to other Bcl-2
homologues and to the mitochondrial outer membrane induc-
ing the release of a variety of pro-apoptotic molecules such as
cyt c from the mitochondrial intermembrane space into the
cytosol [23]. Since the ROS-inducing eﬀect of SOUL was pre-
cluded from its cell death promoting mechanism, and SOUL
was present in the mitochondrial fraction of SOUL-over-expressing NIH3T3 cells (Fig. 1B), we examined its eﬀect on
isolated mitochondria. We observed that SOUL protein alone
did not induce large amplitude swelling of mitochondria
(Fig. 3A), release of cyt c (Fig. 3B) and the dissipation of mito-
chondrial membrane potential (Fig. 4A), all of which are re-
garded as characteristic features of mitochondrial
permeability transition [11,17]. However, at elevated but phys-
iologically relevant Ca2+ concentrations that could not induce
mPT on their own, SOUL protein was able to induce mPT
(Figs. 3 and 4A), and that eﬀect could be blocked by CsA, a
speciﬁc inhibitor of mPT [24,25]. We conﬁrmed that SOUL
could induce mPT and so the collapse of mitochondrial mem-
brane potential in vivo in NIH3T3 cells by using a mitochon-
drial membrane potential-sensitive ﬂuorescent dye, a calcium
ionophore [18] and ﬂuorescent microscopy since ﬂuorescent
intensities in SOUL-overexpressing cells diminished much fas-
ter than those in mock-transfected cells or cells that were incu-
bated with CsA (Fig. 4B). In respect of cyclophilin D
dependence, SOUL was proved to be distinct from pro-apop-
totic Bcl-2 homologues that promote cyclophilin D indepen-
dent cell death [12,24,26].
The eﬀect of mPT in cell death is a well studied phenomenon
[17]. The strength of insult and extra mitochondrial Ca2+
Fig. 5. Eﬀect of SOUL, etoposide and Ca2+ionophore on necrosis and apoptosis. Necrosis and apoptosis was assessed by ﬂow cytometry following
Fluorescein-conjugated annexin V and PI double staining. Dot-plots (A) were created from sham- (pcDNA) and SOUL-transfected cells treated or
not with 2 lM A23187 or 50 lM etoposide for 24 h. Horizontal and vertical axes represent annexin V and PI staining intensities. Lower left
quadrant; living cells, lower right quadrant; early apoptotic cells, upper left quadrant; necrotic cells, upper right quadrant; late apoptotic cells. Pie
charts (B) demonstrate distribution of living, necrotic and apoptotic cells. Values were means of three independent experiments. S.E.M. was below
5% for all cases.
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be executed after mPT; cyt c-triggered apoptosis or permeabil-
ity transition pore-dependent failure of ATP generation lead-
ing to necrosis. To diﬀerentiate between the two types of cell
death, we induced necrosis with A23187 [18,19], and apoptosis
with etoposide [20] in mock-transfected and SOUL over-
expressing NIH3T3 cells. Using ﬂow cytometry, we found that
regardless of the type of stress stimuli, SOUL promoted necro-
tic cell death (Fig. 5). There are several data showing that by
the overexpression of a certain protein apoptotic cell death
can be facilitated, but there are only very scarce data showing
that the overexpression of a protein would induce necrotic cell
death [27–30]. In these cases, generally the overexpressed pro-
teins (like RIP, UCP-2 or cyclophilin D) somehow facilitate
the opening of mitochondrial permeability pore, which is fol-
lowed by necrotic cell death. Our data show that SOUL pro-
tein belongs to this category of proteins, because it can
promote mitochondrial permeability transition and facilitate
necrotic cell death under diﬀerent types of stress conditions.
In conclusion, we provided evidence that a heme-binding
protein-2 (SOUL) can aﬀect the cell death process. SOUL,although unable to induce cell death by itself, sensitizes cells
to necrotic cell death by promoting the opening mPT under
stress conditions.
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